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The Hayabusa, the world’s rst sample-return minor body explorer, returned to the Earth, and reentered the
Earth’s atmosphere on June 13, 2010. Multi-site ground observations of the Hayabusa reentry were carried out in
the Woomera Prohibited Area (WPA), Australia. The ground observations were con gured with optical imaging
with still and video recordings, spectroscopies, and shockwave detection with infrasound and seismic sensors.
At three main stations, we installed small aperture infrasound/seismic arrays, as well as three single component
seismic sub stations. The infrasound and seismic sensors clearly recorded sonic-boom-type shockwaves from
the Hayabusa Sample Return Capsule (H-SRC) and the disrupted fragments of the Hayabusa Spacecraft (H-S/C)
itself. Positive overpressure values of shockwaves (corresponding to the H-SRC) recorded at the three main
stations were 1.3 Pa, 1.0 Pa, and 0.7 Pa with slant distances of 36.9 km, 54.9 km, and 67.8 km, respectively.
Incident vectors of the shockwave from the H-SRC at all three arrays are estimated by an F-K spectrum and agree
well with those predicted. Particle motions of ground motions excited by the shockwave show characteristics of
a typical Rayleigh wave.
Key words: Arti cial meteorite fall, Hayabusa reentry, meteor shockwave, infrasound-seismic observation.
1. Introduction
After 7 years and a 6-billion-km challenging journey in
the solar system, the Hayabusa (formerly called MUSES-
C; the rst sample-return explorer to a Near Earth Asteroid)
returned to Earth on June 13, 2010. Following the reentries
of the Genesis in 2004 (ReVelle et al., 2005; Jenniskens et
al., 2006) and the Stardust in 2006 (Edwards et al., 2007),
the return of the Hayabusa Sample Return Capsule (H-SRC)
was the third direct reentry event from the interplanetary
transfer orbit to the Earth at a velocity of over 11.2 km/s. In
addition, it was the world’s rst case of a direct reentry of
the spacecraft (H-S/C) itself from the interplanetary transfer
orbit.
With respect to the nominal trajectory of the H-SRC reen-
try, four optical stations were set both inside and near the
Woomera Prohibited Area (WPA), Australia, targeting on
peak-heat and/or front-heat temperature pro les of the ab-
lating thermal protection system for studying engineering
aspects. In addition, the H-SRC and the H-S/C reentries
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provide very good analogues for studying bolide-size me-
teors and meteorite falls. Thus, we carried out a ground-
based observations to study various aspects of meteor sci-
ence (Fujita et al., 2011).
In order to understand bolide, and meteorite, falls, obser-
vations of such events from the ground are now routinely
made in many regions on the Earth using various meth-
ods such as still-photographs (e.g., Halliday et al., 1981,
1996), video recording (e.g., Borovickia et al., 2003), and
spectroscopy measurements (e.g., Kasuga et al., 2005). The
purpose of these observations are the optical detection and
analysis of light emitted by bolides. A meteoroid, or a
bolide, with a supersonic velocity generates shockwaves in
the atmosphere. Therefore, not only the optical observa-
tions mentioned above, but also the infrasound monitoring
of shockwaves (e.g., McIntosh et al., 1976) and the seismic
monitoring of shockwaves that convert to ground motions
(e.g., Nagasawa, 1978; Cevolani, 1994; Brown et al., 2002;
Ishihara et al., 2003, 2004; Pujol et al., 2006) have also
been carried out. From this point of view, we deployed spe-
ci c instruments such as infrasound sensors, seismic sen-
sors, and an audio recorder as well as common optical in-
struments.
At 13:51:12 UT on June 13, 2010, the reentry of the H-
SRC and the H-S/C in the Earth’s atmosphere successfully
took place on an exact schedule and trajectory, and provided
fruitful images and signals on almost all cameras and in-
frasound/seismic sensors. Moreover, several audible sound
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Fig. 1. Location map of infrasound and seismic observation stations in WPA (A) and the geometry of three infrasound/seismic arrays (B) (C) (D). Letters
indicate instruments types as follows, P: infrasound sensor, S: seismic sensor (vertical component only), and TS: seismic sensor (three component).
Fig. 2. A long exposure photograph of the Hayabusa reentry ﬁreball. Canon EOS 5D mark II with 15 mm diagonal ﬁsheye, F/2.8, ISO = 3200, and a
120-s exposure.
signals were detected at one of the observation sites about
70 km from the trajectory. In this paper, we report details of
the infrasound/seismic observations and some preliminary
results.
2. Infrasound and Seismic Observations
For the infrasound observation, we used condenser-
microphone-type sensors. Eight porous garden soaker tubes
3-m long were attached to each infrasound sensor to reduce
wind noise by a spatial ﬁltering effect. A record of the infra-
sound sensor was digitized at a frequency of 100 Hz. For the
seismic observations, we used three-component velocity-
type seismic sensors and vertical velocity-type seismic sen-
sors. A record of each three-component sensor was digi-
tized at a frequency of 100 Hz, and a record of each ver-
tical sensor was digitized at a frequency of 125 Hz. Time
stamps were accurately maintained with an accuracy better
than 1 ms, using GPS time.
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Table 1. Locations and array geometries of infrasound/seismic stations.
GOS2 (134.82463◦, −29.65829◦, 153.0 m)
Element name Instrument Easting (m) Northing (m) Height (m)
P1 Chaparral Physics Model-2 0 0 0
TS Sercel (Mark Products) L-28-3D 0 0 0
S1 Hakusan Corp. SG820 28.799 −41.393 0.091
S2 Hakusan Corp. SG820 −104.935 58.519 2.142
S3 Hakusan Corp. SG820 −41.502 −92.750 −0.295
S4 Hakusan Corp. SG820 −50.176 −0.006 0.527
S5 Hakusan Corp. SG820 24.066 43.929 0.448
GOS2A (134.90616◦, −29.82752◦, 156.0 m)
Element name Instrument Easting (m) Northing (m) Height (m)
P1 Chaparral Physics Model-25 28.141 41.129 0.061
P2 Chaparral Physics Model-25 22.407 −44.314 −0.119
P3 Chaparral Physics Model-25 −50.209 0.034 0.047
TS Sercel (Mark Products) L-28-3D 0 0 0
S1 Hakusan Corp. SG820 28.141 41.129 0.061
S2 Hakusan Corp. SG820 22.407 −44.314 −0.119
S3 Hakusan Corp. SG820 −50.209 0.034 0.047
S4 Hakusan Corp. SG820 85.427 −47.226 0.026
S5 Hakusan Corp. SG820 −32.425 45.386 0.523
S6 Hakusan Corp. SG820 −51.057 −27.886 0.047
GOS2B (134.94308◦, −30.15124◦, 158.0 m)
Element name Instrument Easting (m) Northing (m) Height (m)
P1 Chaparral Physics Model-2 0 0 0
S1 Hakusan Corp. SG820 0 0 0
S2 Hakusan Corp. SG820 −15.706 −47.636 0.255
S3 Hakusan Corp. SG820 48.309 15.885 −0.494
S4 Hakusan Corp. SG820 −33.292 37.454 0.340
GOS2B-sub1 (134.99007◦, −30.16267◦, 168.0 m)
Element name Instrument Easting (m) Northing (m) Height (m)
— Hakusan Corp. SG820 0 0 0
GOS2B-sub2 (135.04060◦, −30.16781◦, 168.0 m)
Element name Instrument Easting (m) Northing (m) Height (m)
— Hakusan Corp. SG820 0 0 0
GOS2B-sub3 (135.09196◦, −30.16503◦, 168.0 m)
Element name Instrument Easting (m) Northing (m) Height (m)
— Hakusan Corp. SG820 0 0 0
The infrasound and seismic sensors mentioned above
were deployed as three arrayed infrasound/seismic (GOS2,
GOS2A, and GOS2B), and as three single sensor seismic
(GOS2B-sub1, GOS2B-sub2, and GOS2B-sub3), stations
(Fig. 1; Table 1) to estimate the arrival directions of the
sonic-boom-type shockwaves from the H-SRC and the frag-
ments of the H-S/C, as well as the point-source-type shock-
waves from the energetic disruptions of the H-S/C, in order
to investigate the precise parameters of the pressure waves.
We determined the locations of the stations using a hand-
held GPS (Garmin, Oregon 450) and the array geometries
using a total station (SOKKIA, SET530R). In addition, at
the GOS2 station, we tried to detect shockwaves in the au-
dible band using a small microphone with a digital voice
recorder (OLYMPUS, Voice-Trek V-40).
3. Results and Discussion
At just after the reentry time, we observed the spectac-
ular reballs of the H-SRC and the fragments of the H-
S/C (Fig. 2). About 297 s after the reentry time, all ob-
servers at the GOS2 station heard multiple sounds like far-
distant reworks. The estimated shockwave arrival time
at the GOS2 station, based on the nominal aerial trajec-
tory with an isothermally-still atmosphere, is 301 s after
the reentry time. The infrasound waveform at the GOS2
station (Fig. 3), simultaneously recorded with the audible
sound, shows a clear N-wave shape. The shockwave gener-
ated by a hypersonic ying object is a compressional shock-
wave followed by a rarefactional shockwave. The compres-
sional and rarefactional shockwaves cause rapid downward
and upward ground motions, respectively. These successive
ground motions are recorded as a shape of a reversed N on a
seismogram. We therefore, conclude those sounds are due
to sonic booms generated by the supersonic movement of
the H-SRC and the multiple fragments of the H-S/C. Those
sonic booms were successfully detected by infrasound and
seismic sensors at all observation stations and the audible
recording at the GOS2 station. Here, we focus on the main
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Fig. 3. Infrasound and seismic waveforms (displacement) recorded at GOS2, GOS2A, GOS2B, and GOS2B-sub1 to GOS2B-sub3 stations. Each trace
is 5-s long. Dimension of amplitude is Pa for infrasound (P1, P2, and P3) and 10−8 m for ground motion (TS-UD, TS-NS, TS-EW, S1, S2, S3, S4,
S5, S6, sub1, sub2, and sub3). Hatched parts of GOS2A are used for array analysis. Enclosed parts of GOS2A TS-UD, TS-NS, and TS-EW traces
are used for particle-motion analysis.
sonic boom signal from the H-SRC. Details of the sonic
booms from the fragments of H-S/C and the audible sound
are reported in another paper (Yamamoto et al., 2011).
Figure 3 shows waveforms observed by the infrasound
and seismic sensors at all stations. The seismic waveforms
are converted to ground displacements by a time integral.
Each infrasound signal indicates a characteristic of an N-
wave, while the seismic signals indicate inverse-N signa-
tures, showing clearly that the observed signals are the sonic
booms accompanying the reentry of Hayabusa. The am-
plitudes (positive overpressure) of the infrasound signals
recorded at the GOS2, GOS2A, and GOS2B stations are
about 0.7, 1.0, and 1.3 Pa, respectively. These amplitudes
are factors of 2–3 smaller than the theoretical predictions
of equations (14) and (25) of ReVelle (1976). In our cal-
culation, we estimate the shockwave source positions based
on the nominal aerial trajectory with an isothermally-still
atmosphere. The source height at each station are GOS2:
40.6 km, GOS2A: 38.9 km, and GOS2B: 36.5 km (i.e. slant
ranges are GOS2: 67.8 km, GOS2A: 54.9 km, and GOS2B:
36.9 km). These values of the source positions and the
slant ranges must have some errors resulting from effects
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Fig. 4. Amplitude spectrum of infrasound (GOS2A-P3; black line) and ground displacement (GOS2A-S3; gray line) waveforms of shockwave (time
window of 13:55:30.00 to 13:55:35.12).
Fig. 5. F-K (MUSIC) spectrum and particle motion of ground motion (1–3 Hz band-pass ﬁltered and a time window of 0.5 s shown by a gray hatch in
Fig. 2) converted from shockwave at GOS2A infrasound/seismic array. The gray scale indicates a normalized amplitude and the white cross indicates
the largest amplitude point (NS: −2.13 s/km, EW: −0.32 s/km) of the F-K spectrum. For the MUSIC analysis, we used all the waveform data of the
vertical component of all seismometers at the GOS2A station.
neglected in this study (e.g., winds). However, these ef-
fects only result in an error of the source position of up to
1 km, and an error of the real propagating distances of up
to a few kilometers. Such small errors do not explain the
factor 2–3 discrepancy of the amplitudes mentioned above.
This discrepancy is probably due to an incompleteness in
the theoretical considerations. Especially, equation (14) of
ReVelle (1976) proposed that the shockwave relaxation ra-
dius (the propagation distance of the shockwave decay from
a strong shock, to a weak shock, regime) R0 is almost equal
to the product of a meteoroid diameter and it’s Mach num-
ber. This relation is derived empirically through dimen-
sional analysis. We consider that this equation might be
the cause of these discrepancies. Figure 4 shows the spec-
tral features of the shockwave and induced ground motions
recorded at GOS2A-P3 and S3. Both the spectrums show
a clear harmonic overtone structure and base frequencies of
around 7 to 8 Hz. A transfer function is important for un-
derstanding air-ground coupling (e.g., Watada, 2009). Fol-
lowing Watada (2009), we deﬁne the transfer function as
Z(ω) = ρVsvz(ω)/p(ω), where ω is the angular frequency,
p the pressure perturbation, ρ the density of the elastic me-
dia, Vs the shear wave velocity of the elastic media, and vz
the vertical ground velocity. Since the numerator represents
the pressure in the elastic media, the transfer function Z(ω)
is to be nearly unity, because of the stress continuity on the
surface. In the case of our reentry observation, ρ and Vs
values at observation sites are ∼1500 kg/m3 and ∼300 m/s,
respectively, which gives a value of ∼2 at a frequency of
around 8 Hz. The slight discrepancy is probably due to the
applied values of the ground properties. The effective depth
of air-to-ground coupling in this frequency range is very
shallow and the observation sites are covered with ﬁne soil.
Therefore, the applied values may be somewhat overesti-
mated.
For the seismic records at GOS2 and GOS2A, precur-
sor wave packets are clearly identiﬁed before the direct-
coupled wave detection (Fig. 3). Ben-Menahem and Singh
(1981) derived a formula for the case of a ﬂat interface
between ﬂuid and elastic media. In the case of an acous-
tic plane wave incident to the interface, the acoustic wave
that is converted to a seismic surface wave (Rayleigh wave)
is propagated with its phase velocity in the elastic media.
If the apparent velocity of the incident acoustic wave is
nearly the same as the phase velocity of the seismic surface
wave in the elastic media, the seismic surface wave is ex-
cited efﬁciently. Therefore, these wave packets are probably
air-coupled seismic surface waves generated slightly away
from each seismic sensor. On the other hand, at GOS2B and
GOS2B-sub1 to GOS2B-sub3 stations, we did not detect
such precursor waves. This is probably due to the apparent
velocities of infrasound waves being much higher than the
phase velocity of seismic surface waves at these stations,
and, consequently, the seismic surface wave could not be
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excited ef ciently.
Figure 5 shows the results of an F-K spectrum analy-
sis (MUSIC; e.g., Ueno et al., 2010) and a particle mo-
tion of three-component seismograms at GOS2A. For both
analyses, we applied a very narrow band pass lter (1–3
Hz) and the analysis time window was 0.5 s (13:55:31.4 to
13:55:31.9 UT) in which the main pulse is included. The
optimum values of NS and EW slownesses are −2.13 s/km
and −0.32 s/km, respectively. In other words, the apparent
velocity of the wave is 464.3 m/s, and the azimuth of the
wave is −171.5◦ (from magnetic north), the elevation angle
of the wave is 42.9◦. Those results agree well with the pre-
dicted azimuth (−163.6◦ from true north, i.e. ∼ −169.5◦
from magnetic north) and elevation angle (45.1◦) of the
sonic boom arrival based on the nominal aerial trajectory
of the H-SRC with an isothermally-still atmosphere. Small
discrepancies are probably due to winds, a perturbation of
sound velocity structures of the atmosphere from the ref-
erence (these effects are neglected in calculation), and a
measurement error of the magnetic north direction of the
array geometry that was measured by a hand bearing com-
pass with an uncertainty of ∼2◦. In addition, the three-
component seismograms of the main pulse at GOS2A sta-
tion indicate a linear-polarized particle motion along the
propagating direction on the horizontal plane and an ellip-
tical particle motion on the vertical plane. These particle
motions are typical for Rayleigh wave.
4. Conclusions
The Hayabusa, the world’s rst sample-return (round
trip) minor body explorer, returned to the Earth, and reen-
tered the Earth’s atmosphere on June 13, 2010. In order to
study bolide phenomena, ground-based observations of the
reentry were carried out in WPA, Australia, as an extremely
rare arti cial meteorite fall event. Infrasound/seismic ob-
servations were made by deploying a temporal network
that consisted of three-arrayed infrasound/seismic and three
seismic sub-stations. Clear shockwave records were suc-
cessfully obtained at all six stations. In particular, we si-
multaneously obtained shockwave waveforms with positive
overpressures of 1.3 Pa, 1.0 Pa, and 0.7 Pa (corresponding
to the H-SRC) and the converted ground-motion waveforms
at slant distances of 36.9 km, 54.9 km, and 67.8 km, re-
spectively. The incident vectors of the shockwave at each
array station were estimated by an F-K spectrum and indi-
cate good agreement with those predicted. Particle motions
of the shockwave that converted to ground motions show
typical Rayleigh wave characteristics.
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